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The present work investigates the occurrence of 22 drugs of abuse (DAs) and metabolites in surface water from four Spanish River basins: Llobregat, Ebro, Jucar and Guadalquivir. To this end, samples were collected from 77 selected sites in two sampling campaigns conducted in 2010 and 2011. Analyses were performed by means of on-line solid phase extraction-liquid chromatography-electrospray-tandem mass spectrometry (on-line SPE-LC-ESI-MS/MS). Cocaine, its metabolite benzoylecgonine, ephedrine, MDMA (ecstasy), and methadone and its metabolite EDDP were the most ubiquitous compounds, being present in more than 50% of the samples. Overall, DAs were present at low ng/L levels, showing comparatively higher concentrations in small tributary rivers impacted by wastewater treatment plant effluents. The results obtained did not show a clear relationship between the concentrations of DAs and the hydrological conditions of the river basins. Differences in the occurrence of DAs between river basins were observed, but only for MDMA this finding could be confirmed in both sampling campaigns. These results overall suggest similar drugs consumption in the studied areas. Estimation of potential ecotoxicological effects using Hazard Quotient (HQ) ratios and a concentration addition model showed that in four samples the presence of DAs could represent certain risk to aquatic organisms.







Like many prescribed and over the counter pharmaceuticals, illicit drugs and their metabolites have become “pseudo-persistent” substances in the environment, due to their large volumes of production and continuous way of use [].
In 2012, between 162 and 324 million people, corresponding to 3.5-7.0% of the world population aged 15-64, were estimated to have used an illicit substance at least once in the preceding year [].
According to the last survey carried out in Spain in 2013, cannabis is the most used illicit drug, with a last year prevalence of 9.2% among people aged 15-64, followed by cocaine (2.2%), ecstasy (0.7%) and amphetamine (0.6%) []. The survey also pointed out a general decrease or stabilization of the prevalence of recent use for most illicit drugs in Spain, whereas concern arises from increased consumption of legal substances, like alcohol, tobacco and sedative-hypnotics [].
Following consumption, different amounts of parent compounds and metabolites are excreted mainly in urine and faeces, and through the sewer system they reach the local wastewater treatment facility where they are not completely eliminated  ADDIN EN.CITE []. After release, dilution of the treated wastewater effluents with the natural water masses may help to attenuate the potential negative effects that these substances may pose to the aquatic ecosystem  ADDIN EN.CITE []. Such dilution, however, is limited in water scarcity areas, like the Mediterranean, where in drought periods polluted wastewater effluents represent an important fraction of the total river flow [].
Moreover, after their release in the aquatic environment, these substances may reach aquifers and alter groundwater quality, which together with surface water often constitutes an important source of drinking water supply  ADDIN EN.CITE [], as occurs, for instance, in the last stretch of the Llobregat River that supplies drinking water to the city of Barcelona and its surrounding urban areas.
In this context, the main objective of the present work was to map the occurrence of the licit and illicit stimulant drugs most used in Spain along four Spanish river basins in order to (i) get a first picture of their presence in the areas under study, (ii) establish potential relationships with the hydrological conditions, (iii) identify possible geographical differences and trends in time, and (iv) assess eventual ecotoxicological risks.





High purity (>97%) standard solutions of the target compounds were obtained from Cerilliant (Round Rock, TX, USA). Cocaine (COC), its major metabolite benzoylecgonine (BE), and cocaethylene (CE), a trans-esterification product formed when COC and ethanol are consumed simultaneously, the main psychoactive component of the cannabis plant ∆9-tetrahydrocannabinol (THC), cannabinol (CBN), cannabidiol (CBD) and two metabolic by-products, 11-nor-9-carboxy-∆9-tetrahydrocannabinol (THC-COOH) and 11-hydroxy-∆9-tetrahydrocannabinol (OH-THC), the opioids morphine (MOR), heroin (HER), and the heroin metabolic product 6-acetylmorphine (6ACM), the opioid-agonist methadone (METH), and its main excretion product 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), the amphetamine-like compounds amphetamine (AM), methamphetamine (MA), 3,4-methylenedioxymethamphetamine (MDMA or ecstasy) and ephedrine (EPH), the most potent known hallucinogenic substance, lysergic acid diethylamide (LSD), and one of its metabolites, 2-oxo-3-hydroxy-LSD (O-H-LSD), and the benzodiazepines alprazolam (ALP), lorazepam (LOR) and diazepam (DIAZ), were obtained as organic solutions in methanol (MeOH) or acetonitrile (ACN). Isotopically labelled (deuterated) analogues for each target analyte, but for the LSD metabolite OH-LSD and the cannabinoid CBN, were also purchased from Cerilliant. Physical-chemical properties of the analysed compounds, including molecular weight, octanol-water partition coefficient (Log Kow), Henry’s law constant, vapour pressure, water solubility and acid dissociation constant (pKa), are provided in Table S1 in the supporting information (SI) section.
LC-grade water and ACN were acquired from Merck (Darmstadt, Germany). Ammonium formate and formic acid added to the chromatographic mobile phase were purchased from Fluka Analytical (Sigma Aldrich, St Louis, MO). 
2.2	On-line SPE-LC-MS/MS analysis

Analysis of the target DAs and metabolites was performed following a previously published fully automated method based on on-line SPE-LC-MS/MS []. Details on the experimental conditions and the performance of the analytical method applied can be found in the SI section, in parts II and III, respectively.

2.3	Sample collection and treatment
	 
Surface water samples were collected as grab samples from 77 different locations along four representative basins in Spain, namely, Llobregat, Ebro, Jucar and Guadalquivir, during two consecutive sampling campaigns carried out between September and October in 2010 and 2011. Figure 1 shows the location of the various sampling sites.
The Llobregat River is 156 km long and drains a 4957 km2 catchment with more than three million inhabitants. This river and its main tributaries (Cardener and Anoia) suffer heavy anthropogenic pressure, receiving extensive urban and industrial wastewater discharges. As a typical Mediterranean river is subject to periodic floods and droughts which lead to frequent morphological variations in the river bed. Moreover, this river is one of Barcelona’s major drinking water resources.
The Ebro River is the most important river in Spain, with 928 km in length and a drainage basin of 85534 km2, flowing from North Central to NE Spain. Despite its larger area, the Ebro basin has a population (approx. 2.7 million inhabitants) smaller than the Llobregat basin. The most relevant economic activity associated to the basin is agriculture, but there are also highly industrialized regions in the northern-central part located close to various important cities. The Ebro Delta, in the mouth of the river, is one of the largest wetland areas (320 km2) in the western Mediterranean region.
The Jucar River (E Spain) is 498 km long and drains a 12632 km2 catchment with a living population above one million people. It is a much regulated basin, with a total reservoir capacity of 2643 hm3. Agriculture accounts for near 80% of the water demand.
The Guadalquivir River (S Spain) is 657 km long and drains a 57527 km2 catchment. This river, together with its tributaries, is the main water source of the region with more than 7 million inhabitants. This basin receives some influence from the Atlantic Ocean in the lowest part where is also located the Doñana National Park, an important wetland area. A significant portion of its area is dedicated to agriculture activities.
A total number of 154 samples were collected from the studied river basins in amber glass bottles previously rinsed with ultrapure water. Once collected and during shipment, samples were kept at 4ºC. Upon reception in the laboratory, samples were vacuum filtered through 1 µm glass fiber filters followed by 0.45 µm nylon membrane filters, and were stored in amber-polyethylene terephthalate (PET) flasks in the dark at -20 ºC until analysis, which was performed within maximum 4 weeks []. Prior to extraction, all water samples were spiked with a standard mixture of the deuterium compounds. Further information on sampling points can be found at http://www.idaea.csic.es/scarceconsolider/publica/P000Main.php.

3	RESULTS AND DISCUSSION
3.1	Occurrence of illicit drugs and metabolites in surface water

Table 1 summarizes frequency of detection and levels (median and maximum concentration) of the studied compounds measured in the surface water samples analysed. One sample (JUC 4) collected in the Jucar River basin in 2011 resulted spoiled during storage.
Compounds LSD, its metabolite OH-LSD, and the cannabinoids CBD and CBN were not detected in any of the analysed samples. LSD and OH-LSD are usually not found in the aquatic environment  ADDIN EN.CITE [, , ] and the cannabinoids CBN and CBD, because of their physical-chemical properties, tend to be adsorbed to the particulate matter rather than in the dissolved phase []. The most ubiquitous compounds, found in more than 50% of the entire set of samples analysed, were COC, BE, EPH, MDMA, METH and EDDP, and the most abundant compounds, with maximum concentrations above 100 ng/L, were BE (up to 129 ng/L, Huerva River (HUE), Ebro basin in 2011) and EPH (up to 144 ng/L, Arga River (ARG), Ebro basin in 2011). In terms of median concentration, considering for its calculation only the values above the method LOQ, the highest values were observed in the case of THC-COOH (which was actually measured in only one sample at 17 ng/L) and LOR (median concentration of 16 ng/L). All other compounds presented overall median concentrations below 5 ng/L. 
COC and its main human metabolite BE presented maximum median concentrations of 4 and 12 ng/L, respectively, in samples collected in the Llobregat basin in 2010 and 2011, respectively. However, COC, BE and CE, the last one detected in only 4 samples, reached their maximum concentrations of 34, 129 and 4 ng/L, respectively, in the samples collected in HUE, a tributary of the Ebro River basin, in 2010 and 2011.
Within the amphetamine like compounds (ALCs) considered in this study, EPH was by far the most ubiquitous and abundant compound, being detected in more than 67% of the samples collected in each basin. Its highest concentration of 144 ng/L was measured also in a tributary of the Ebro River (ARG) in 2011. MDMA, the active component of ecstasy, was the second most ubiquitous ALC (51%), and MA (31%) and AM (3%) were third and fourth, respectively. MA, in addition, showed a distinctly higher frequency of detection in 2011 than in 2010. Except for a few exceptions in the case of MDMA (maximum concentration 57 ng/L), the levels of AM, MA and MDMA in the analysed samples were in the low ng/L range. The observed contamination pattern of cocainics and ALCs is comparable to that reported in previous similar monitoring studies carried out in the Ebro [] and Llobregat River basins [] as well as in other European rivers  ADDIN EN.CITE [, , ].
The opiate MOR was detected in 12% of the samples with a maximum concentration of 22 ng/L. The other opiates considered in this study, i.e., HER and its main metabolite 6ACM, were detected in only 2 samples and at concentrations lower than 3 ng/L. These comparatively higher levels of MOR in surface water can be related to its therapeutic use as well as to the transformation of codeine and 6ACM into it []. A similar distribution of opiates in surface water has been observed in previous studies carried out in Spain  ADDIN EN.CITE [, , ].
The synthetic opioid METH and its main urinary metabolite EDDP were more ubiquitous (detection frequencies 84% and 81%, respectively) than the natural opiates MOR, HER and 6ACM. METH and EDDP were detected at low ng/L levels in most of the samples, with median concentrations lower than 4 ng/L in all four basins. However, METH and EDDP reached 20 and 50 ng/L concentrations, respectively, in one of the samples collected in the Llobregat basin (ANO2). These levels are very similar to those previously determined by Boleda et al. [] in surface water samples collected in the same river (up to 18 and 64 ng/L for METH and EDDP, respectively). Similar values were also reported in surface water from UK [], Switzerland [] and Italy [], whereas higher levels of METH and EDDP, up to 55 and 151 ng/L, respectively, were found in the Manzanares and Jarama Rivers, located in central Spain []. The presence of these two compounds in surface water is not surprising since METH is extensively used in heroine detoxification and maintenance programs []. Moreover, METH and EDDP are not effectively eliminated in sewage treatment plants (STPs) [] and they appear to survive also more advanced surface water potabilisation processes [].
The benzodiazepines LOR, ALP and DIA were also positively identified in some of the samples at maximum concentrations of 86, 8 and 26 ng/L, respectively. In agreement with previous studies carried out in Spain  ADDIN EN.CITE [, , ], LOR was present at higher concentrations (mean concentration 16 ng/L) than DIA (2 ng/L) and ALP (2 ng/L). Concentrations of DIA lower than 3 ng/L have been previously reported in surface water collected in UK [], Italy [] and Spain [], whereas higher levels of LOR (median concentration 136 ng/L), ALP (7 ng/L) and DIA (7 ng/L) have been reported in other Spanish rivers [].
Concerning cannabinoids, only three samples contained detectable amounts of THC and its main human metabolite THC-COOH. THC maximum concentration of 4 ng/L was found in a sample of the Ebro River (ESE, in 2010) and THC-COOH maximum concentration of 17 ng/L was measured in a sample from the Guadalquivir River (GUA2, in 2011). In previous studies carried out in Spain and other European countries, cannabinoids were either not detected or sporadically detected being THC-COOH the most abundant and ubiquitous compound. Concentrations of THC-COOH ranging from <LOD up to 80 ng/L have been previously reported in different Spanish rivers  ADDIN EN.CITE [, , , , ], whereas in surface water collected in Italy [], UK [] and Switzerland [] this compound was less ubiquitous and abundant, with a reported maximum concentration of 4 ng/L in the Lambro River in Italy.
Cannabis is the most abused illicit drug in Spain and its main active compounds and metabolites are the most lipophilic among the compounds (log Kow > 5.33) considered in the present work. Recently, two different studies have demonstrated that sorption of cannabinoids onto the solid fraction of wastewater and activated sludge  ADDIN EN.CITE [, ] plays a significant role in the overall removal of these compounds during wastewater treatment processes. This fact, together with the low excretion rate of cannabinoids [], may explain the scarce detection of these compounds in the aquatic environment observed in this and other studies.
3.2	Spatial and temporal variability of DAs in surface water 

Figures 2 and 3 show the cumulative levels of the various classes of DAs and metabolites investigated along the four main rivers and in their corresponding tributaries, respectively, distinguishing between sampling campaigns 2010 and 2011 (parts a and b). As it can be observed, in all basins the contamination patterns observed were rather similar in both years. 
Among the four river basins, the Jucar River appears to be the least contaminated, with maximum cumulative DAs levels below 68 ng/L (found in its tributary Magro River (MAG1) in 2010). On the opposite side is the Huerva River (HUE), a tributary of the Ebro River, with maximum total concentrations of 217 ng/L in year 2010 and 378 ng/L in 2011. High cumulative levels of DAs in the Huerva River (up to 578 ng/L) have been previously reported by Postigo et al. []. In both studies, sampling of the Huerva River was done in the city of Zaragoza, the largest urban area of the Ebro basin, close to its confluence with the Ebro River, which explains the comparatively higher levels found in this zone.
Overall, cumulative concentrations of the target analytes higher than 100 ng/L were found in small tributary rivers (see Figure 3) at sites downstream of urban centers, like ANO2 (Igualada) and ANO3 (San Sadurní) in the Llobregat River basin, ZAD (Gasteiz), ARG (Pamplona) and HUE (Zaragoza) in the Ebro River basin, and GUA-N (Jaen), GEN1 (Loja), GEN2 (Écija) and GUA-A (Sevilla) in the Guadalquivir River basin. These results are not surprising since small tributary rivers receive treated wastewater from different STPs and present low dilution factors due to their low flow rates.
In the main rivers, cumulative concentrations were always below 100 ng/L (LLO7, 2010), except for one sample collected at the mouth of the Llobregat River in 2011 (LLO7) that showed a total concentration of 322 ng/L. 
Overall, with the exception of the Llobregat, the investigated rivers did not show a clear pollution gradient along their main course (i.e., increased contamination from the river head to the mouth) due to balance between continuous discharge of treated sewage water and increase of the river flow (dilution factor). In the Ebro River, for example, maximum cumulative concentrations in both sampling campaigns were obtained in the middle part of the river, with the highest values being measured in the site EBRO6, after the confluence of the Huerva River and the discharge of one of the STPs serving the city of Zaragoza. On the contrary, and in agreement with previous studies conducted in the Llobregat River  ADDIN EN.CITE [, ] a pollution gradient could be observed in both sampling campaigns which can be explained by the higher anthropogenic pressure in the last part of the catchment. Similar distribution patterns for several pharmaceuticals [] and endocrine disrupting compounds (ECDs) [] have been observed in previous studied carried out in the same basins. 
In order to study differences in the occurrence of DAs between river basins and sampling campaigns, individual concentrations of the compounds detected in at least 25% of the samples, i.e., COC, BE, EPH, MA, MDMA, METH, EDDP, ALP, DIA and LOR, total DAs concentrations, and total concentrations of the DAs classes cocainics, ALCs, opioids/opiates, and benzodiazepines were statistically evaluated. Details on the statistical analyses performed are provided in the SI (section IV).
Concentrations of DAs, stratifying by river basins, detected in surface water collected in 2011 were statistically significantly different than those collected in 2010 for the compound LOR in the Llobregat basin, COC and MA in the Ebro basin, MA and METH in the Jucar basin, and COC, EPH, MA, DIA, LOR, total DAs, and sum of cocainics, ALCs and benzodiazepines in the Guadalquivir basin. For some compounds the differences between 2011 and 2010 remained border-line significant: sum of cocainics and sum of opiods/opiates in the Ebro basin, COC, LOR and sum of opiods/opiates in the Jucar basin, and finally BE and MDMA in the Guadalquivir basin (see Table 2). The whole set of data obtained in this study was then employed for a multivariate analysis based on the quantile regression model (median regression model) in order to predict in both years the median concentration of DAs in the studied basins (see Table S4a and S4b in the SI section). Compared to 2010, in 2011 statistically significant ( = 0.05) higher median concentrations were predicted for compound LOR (Δ median 15.7, 95%CI 12.3;19.1) and sum of benzodiazepines (Δ median 17.1, 95%CI 12.1;22.0) in the Llobregat River basin, COC (Δ median 2.7, 95%CI 1.4;4.0) in the Ebro basin, and COC (Δ median 2.4, 95%CI 1.0;3.7), EPH (Δ median 12.06, 95%CI 5.97;18.15), total DAs (Δ median 25.3, 95%CI 5.3;45.3) and sum of ALCs (Δ median 13.1, 95%CI 5.9;20.2) in the Guadalquivir basin. On the other hand, statistically significant lower median concentrations were predicted in 2011 compared to 2010 for METH in the Llobregat (Δ median -1.2, 95%CI -1.9;-0.5) and Jucar (Δ median -0.68, 95%CI -1.3;-0.0) basins and sum of opiates/opioids (Δ median -2.6, 95%CI -5.0;-0.1) in the Llobregat basin.
Data relative to rivers’ flows were available for selected sampling sites (n=33, data not shown) and they point out a decrease of the rivers flows in 2011 compared to 2010 in 24 out of 33 sampling locations among the studied basins. In the main river, for example, the highest difference in river flow between sampling campaigns was recorded in the Gualdalquivir River (-64% m3/day in GUA3) followed by Llobregat (-43% m3/day in LLO 7), Ebro (-32% m3/day in EBRO6), and Jucar (-27% m3/day in JUC6). 
Although the increase in concentration of some DAs in the Guadalquivir basin could be related to a lower dilution factor occurring during the second sampling campaign, the results obtained in the other basins considered in this study did not suggest a clear relationship between concentrations of DAs in surface water and the hydrological condition of the river basins. This fact is not surprising since multiple factors, e.g. hydrological factors, sociological habits of the population, efficiency of the STPs in the removal of DAs, and natural attenuation processes (mainly photodegradation and biodegradation), could have counteracted the natural dilution of the discharged wastewater. It is important to note that the results here obtained are based on grab samples, therefore following studies should be performed over a longer period in the most representative locations identified in this work in order to assess the effects of a more prolonged or severe dry weather period. 
Differences on the occurrence of selected compounds between river basins in both sampling campaigns were also studied. Statistically significant different distributions were found for COC, MDMA, METH, DIA and sum of opiates/opioids in 2010 and EPH, MDMA, DIA, LOR and sum of ALCs in 2011 (see Table 3). In order to find significant patterns between the groups, for these compounds a post-hoc analysis of each pair of basins was based on Wilcoxon Sum Rank test and the p-value obtained was corrected by a multiple comparison method known as False Discovery Rate (FDR) (see Table 3). In 2010, statistically different distributions were confirmed by the FDR method between Ebro and Llobregat, Llobregat and Gualdaquivir, and Jucar and Guadalquivir River basins for COC; between Ebro and Llobregat, Ebro and Jucar, Llobregat and Jucar, and Llobregat and Guadalquivir for MDMA; between Llobregat and Jucar, and Llobregat and Guadalquivir for METH; between Ebro and Llobregat, and Llobregat and Guadalquivir for DIA; and between LLobregat and Guadalquivir for the sum of opiates/opioids. In 2011, statistically different distributions were confirmed between Jucar and Guadalquivir for compound EPH; between Ebro and Jucar, Llobregat and Jucar, and Jucar and Guadalquivir for MDMA; and between Jucar and Guadalquivir for the sum of ALCs.
The FDR method did not confirm a statistically significant different distribution between any pair of basins for DIA and LOR in 2011 (see Table 3). 




Illicit drugs and DAs are biologically active compounds and as such they may be toxic to aquatic organisms if present (even at low levels) in the aquatic environment []. 
Environmental Risk Assessment (ERA) can be estimated using the Hazard Quotients (HQ) approach, where the HQ is defined as the ratio between the measured environmental concentration (MEC) of a given compound and its chronic toxicity, usually expressed as the no observed effect concentration (NOEC) or the predicted non-effect concentration (PNEC) []. 
In the case of mixtures of contaminants, as they occur in the environment, the toxicological risk is most often calculated as the sum of the HQ, commonly referred as cumulative HQ or Toxic Units (TUs) [], obtained for each compound positively identified in a given sample, following a concentration addition model []. If the calculated HQ or cumulative HQ is equal or greater than one, harmful effects cannot be ruled out, while a value <1 indicates low or no risk. 
In this work, the environmental risk assessment related to the presence of DAs in the studied basins was estimated from the concentration of each compound detected in the surface water samples analysed and its lowest PNEC as in Mendoza et al. []. For each compound, the PNEC was derived from the lowest toxicity value among three different model-organism groups (Algae, Cladocerans and Fish) divided by an assessment factor (AF) of 1000. A high AF is required because toxicological data are based on Quantitative Structure Activity Relationship (QSAR) models or a limited number of short-term median lethal (effective) concentration (L(E)C50) values [].
The results obtained in this study indicate that only 4 samples exhibited a cumulative HQ > 1: one sample from the Ebro river basin collected in 2010 (ZAD, cumulative HQ = 1.33), one sample from the Guadalquivir river collected also in 2010 (GUA-A, cumulative HQ = 1.16), and two samples from the Llobregat basin collected in 2011 (ANO2 and LLO7, cumulative HQs = 1.77 and 1.47, respectively). In these samples, most of the toxicity was associated to the presence of EDDP, followed by METH, LOR, and MDMA, which accounted for less than 18% each. Moreover, EDDP was the only compound leading by itself to HQ > 1 in two samples: ZAD (HQ = 1.12) and ANO2 (HQ = 1.24).
All other samples showed cumulative HQ < 1, indicating low or no potential risks to the aquatic environment. It should be stressed that, apart from the significant gap in toxicological data for illicit drugs, the results here presented were obtained from grab samples which may not be representative of a long term exposure. 




An analytical methodology based on on-line-SPE-LC-MS/MS has been applied to the determination of the most common illicit and abused drugs in surface water of four Spanish River basins, namely, LLobregat, Ebro, Jucar and Guadalquivir. Samples were collected from 77 different sampling points located in the main rivers and some of their effluents in 2010 and 2011 in order to study their occurrence during two consecutive years under different climate conditions.
COC, BE, EPH, MDMA, METH and EDDP were the most ubiquitous compounds, being detected in more than 50% of the entire set of the analysed samples, whereas LOR was the most abundant compound. Other analytes considered in this study were not detected or detected in a limited number of samples. 
Overall concentrations of DAs in surface water were in the low ng/L range. In both sampling campaigns the highest cumulative concentrations of the target analytes were found in tributary rivers at sites downstream of urban centers as a consequence of the continuous discharge of treated wastewater and the low dilution factor occurring in these comparatively smaller rivers. Statistically significant different concentrations were observed for some compounds between sampling campaigns; however, the results obtained did not show a clear relationship between concentrations of DAs in surface water and the hydrological condition (dilution factor) of the river basins. Differences in the occurrence of DAs were observed between the river basins, but only in the case of MDMA this observation could be confirmed in both sampling campaigns. These results may indicate a similar general consumption pattern of DAs in the studied areas. 
The environmental risk assessment performed in this study showed that only in four sampling sites DAs occurred in concentrations high enough to generate a certain level of risk to aquatic organisms, being EDDP the most concerning compound.
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